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Abstract: In the Atlantic region of northern Spain, heat extremes were historically rare, but
in recent decades, they have become more intense and persistent. This article characterizes
heat events in Asturias (NW Spain) between 2001 and 2023, focusing on their frequency,
intensity, and duration, as well as their temporal trends. Additionally, it explores the
synoptic patterns linked to these episodes to enhance understanding of their occurrence
and evolution over the study period. The research is based on official meteorological
records, and it distinguishes between officially declared heatwaves (DHs) and significant
heat events (SHEs) identified through regional press reports. This methodology enables
the study to capture a broader spectrum of heat-related impacts. During the study period,
17 episodes were documented (11 DHs and 6 SHEs). The frequency, intensity, and duration
of heat events have significantly increased, particularly since 2016, standing the last two
years (2022 and 2023). Both DHs and SHEs have progressively shifted toward the early
and late periods of the astronomical summer, with some events occurring during spring
and autumn in the second half of the study period (years 2017, 2022, and 2023). Three
atmospheric patterns have been identified as responsible for extreme heat episodes; Type 1
(warm tropical continental air masses, combined with atmospheric stability) is responsible
for 10 of the episodes. Furthermore, urban areas and main river valleys were the most
affected areas, while coastal regions remained largely unaffected. This research aims to
contribute to a broader understanding of how heatwaves are evolving in a temperate
climate area under the influence of global warming, providing insights to inform and
improve adaptation strategies for mitigating their impacts.

Keywords: heatwaves; climate change; temperature anomalies; climate extreme; oceanic climate

1. Introduction

Heatwaves are a climatic hazard with significant global consequences in terms of
both economic losses and human fatalities. Vulnerable groups, such as the elderly, young
children, and individuals with chronic illnesses, are particularly susceptible to health
complications during these events [1]. Outdoor workers and those lacking cooling systems
are especially prone to heat stress, a risk further exacerbated by urbanization and limited
access to green spaces [2—4].

The intensity, frequency, and duration of heatwaves have increased globally, a
trend that is expected to accelerate as global warming progresses [5]. This will likely
worsen their impacts on human health [6] and biodiversity [7]. In Southern Euro-
pean countries, climate change has amplified these extreme phenomena since the early
21st century. For instance, major capitals have seen a rise in the number and duration of
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heatwave days [8]. In the Western Mediterranean, heatwaves in 2022 and 2023 reached
unprecedented temperature anomalies of up to +3.6 °C, exceeding climatic variability
observed over the past millennium [9]. During this period, losses in workdays, hospi-
talizations, and heat-related fatalities increased significantly, resulting in severe social
and economic impacts [10].

Heat extremes have equally grown in frequency, duration, intensity, and spatial extent in
the Iberian Peninsula since the mid-20th century, with the most severe events concentrated
after 1985 [11], and particularly severe events during the early summers of the 2020s [9].
Recent studies project that heatwave-related deaths in Spain could increase by 292% during
2031-2080 compared to 1971-2010 [12]. Beyond health impacts, heatwaves harm the most
sensitive ecosystems and reduce the availability of water, a relatively scarce resource in the
country [13,14]. Furthermore, critical sectors such as tourism and agriculture are highly
vulnerable to the increasing frequency of these extreme events [15-17].

In Asturias, an oceanic climate region located in northern Spain, the proximity of the
Cantabrian Sea has historically granted mild temperatures, with heatwaves being relatively
infrequent compared to other Spanish sectors. However, the northern half of the Iberian
Peninsula experienced significant increases in heatwave severity (in terms of frequency
and intensity) between 1950 and 2019 [11], and projections indicate that, in this region,
heatwave-related mortality rates could exceed 13.4 deaths per 1000 inhabitants/year during
the 20212050 period [18]. The increasing likelihood of heatwaves becoming a frequent
occurrence in regions like Asturias in the coming years makes it imperative to deepen our
understanding of these events in order to enhance both our resilience and adaptive capacities.

In terms of scientific production on this topic, it is noteworthy that, to date, most stud-
ies related to heatwaves have focused on Mediterranean regions of Europe or the Iberian
Peninsula. In contrast, regions with an oceanic climate have been relatively unexplored,
as this phenomenon is less frequent in such areas. Consequently, there is a paucity of
the literature directly comparable to our study. However, there are numerous examples
of studies on recent heatwaves occurring worldwide. Notable examples include cases in
South America, such as those in Brazil (2020) and Peru (2016) [19], as well as in the Western
United States and Canada in June 2021 [20]. In Europe, the most significant extreme heat
events have taken place over the past three decades, with particularly notable instances in
2003 and 2015 [21], 2019 [22], and 2021 [23].

Given the preceding considerations, the main goal of this research is to describe
the nature of heatwaves in Asturias and examine how they have changed over the
past two decades, between 2001 and 2023. Specifically, the study seeks to address the
following objectives:

(i) To examine the characteristics (frequency, intensity, and duration) of extreme heat
events that occurred in Asturias between 2001 and 2023.

(ii) To assess the temporal trends of extreme heat events over the study period.

(iii) To identify the synoptic patterns associated with the occurrence of extreme heat events
in the region.

2. Data and Methods

This study draws upon documentation prepared by the Spanish State Meteorological
Agency (AEMET), which provides detailed records of all officially recognized heatwaves in
Spain from 1975 to 2023. The criterion used by AEMET to identify declared heatwaves (DHs)
is the following: exceeding the 95th percentile of maximum temperature for a specific date and
location compared to the average for a 30-year reference period (specifically, the 1971-2000
reference period). This condition must occur in at least 10% of the stations and persist for a
minimum of three consecutive days. The meteorological stations used to determine official
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heatwaves in Spain total 137, meeting requirements such as uniform territorial distribution,
current operational status, and sufficiently long data series to calculate percentiles. Thus, in
Asturias, only two observatories are used as references: the Oviedo/Uviéu station and the As-
turias Airport station. These documentations from AEMET include key parameters such as the
start and end dates of each event, their duration in days, the maximum temperature reached,
the temperature anomaly, and the geographical areas affected (https://www.aemet.es/es/
conocermas/recursos_en_linea/publicaciones_y_estudios/estudios/detalles/olascalor. Ac-
cesed on 5 November 2023). Using this dataset, heatwave episodes occurring in Asturias
during the period from 2001 to 2023 were specifically selected for a further analysis.

Additionally, information was extracted from news reports using the digital archives of
the regional newspapers El Comercio and La Nueva Espafia. The analysis covered the period
from 1 January 2001 to 31 December 2023 (a total of 23 complete years). Key terms such as
“heatwave”, “extreme heat”, “scorching heat”, “extreme temperatures”, and “intense heat”
were entered into the search engines. The selection of these terms—some of which are highly
colloquial but commonly used by the local Asturian press when addressing these events—
was informed by a preliminary review of news articles, where their frequent occurrence was
noted. This facilitated the identification of additional extreme heat episodes. The extracted
information includes both quantitative data (maximum temperatures recorded and the
impacts of heat on populations and assets) and qualitative insights (public perceptions of
heat-related effects). For data prior to 2006, digital archives were unavailable in virtual
newspaper repositories and were instead accessed through digitized records held in the
archives of the Central Library of Asturias.

The primary objective of analyzing press reports is to identify additional warm episodes
beyond the officially declared heatwaves recognized by the national meteorological ser-
vice. In this context, the study has considered all warm events reported by the press as
significant in terms of perceived impact, even if they do not meet the official criteria for
classification as a heatwave. This approach acknowledges that such events also illustrate
the effects of high temperatures on populations and their activities. A clear distinction
has been made between “declared heatwaves” (DHs), as officially recognized by AEMET,
and unofficially recognized heat episodes, referred to as “significant heat events” (SHEs).
The DHs have been identified based on the documentation from AEMET, which annu-
ally records the heatwaves occurring in Spain according to the three official criteria men-
tioned earlier (95th percentile of maximum temperatures, lasting at least 3 days and af-
fecting at least 10% of the territory). This documentation specifies the territorial extent of
each heatwave in Spain, allowing for the selection of DH affecting Asturias. The informa-
tion on these events was supplemented using reports from the local written press. The
SHEs were identified from press reports based on the fulfillment of three essential criteria.
Specifically, for an event to be classified as an SHE, it must meet the following conditions:
(i) the existence of, at least, two separate new items describing the effects of extreme heat;
(ii) the presence of consistent information regarding the event in reports from two distinct
media outlets; (iii) the reported heat conditions must have persisted for a minimum of two
consecutive days.

This study applies basic descriptive statistical methods to analyze the data, including
the generation of graphs and tables. Synoptic maps obtained from the German website
Wetterzentrale provided numerical and cartographic data on atmospheric conditions at vari-
ous levels (https:/ /www.wetterzentrale.de/es/reanalysis.php?map=1&model=avné&var=1.
Accessed on 5 November 2023). The Wetterzentrale maps are derived from reanalysis data
produced by the Global Forecast System (GFS) of the United States National Weather Ser-
vice and the National Oceanic and Atmospheric Administration (NOAA). For this anal-
ysis, maps were selected to depict atmospheric conditions at 500 hPa, 850 hPa, and sur-
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face levels, corresponding to the warm episodes and heatwaves detected in Asturias. This
methodology facilitated a comprehensive understanding of the synoptic patterns associ-
ated with these events. These were supplemented with cartography produced using QGIS
version 3.14.16, integrating a municipal-level base map sourced from the Download Cen-
ter of the Autonomous Agency “Centro Nacional de Informacién Geografica” (CNIG)
(https:/ /centrodedescargas.cnig.es/CentroDescargas/home. Accessed on 5 November 2023).

Study Area

Asturias, situated in the Northwestern region of the Iberian Peninsula, corresponds
geographically to the Asturian Massif. This geological structure, primarily composed of
sedimentary and metamorphic rocks from the Paleozoic Era, forms the highest segment of
the Cantabrian Mountains. The topography of this area exhibits a progressive increase in
elevation from the Cantabrian Sea towards the south, where uplands frequently exceed
2000 m. This landscape is characterized by sharp altitudinal gradients, steep slopes, and
narrow valleys. The climate in Asturias varies significantly due to its complex orography
and geographical positioning (Figure 1). According to the Képpen-Geiger classification [24],
the majority of Asturias falls within the Cfb climate zone (Temperate Oceanic), charac-
terized by temperate conditions with mild summers and abundant rainfall throughout
the year. In contrast, the southwestern portion of the region experiences a Csb climate,
featuring warmer, drier summers typical of Mediterranean influences. Elevational increases
bring about a transition to the Df climate zone, characterized by colder temperatures and
significant winter precipitation. Based on AEMET data, Asturias has an average annual
temperature of approximately 14 °C, with 2023 recording a slightly higher average of
14.7 °C. The region receives an average annual precipitation of 1259 mm, as calculated over
the 1991-2020 reference period.
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Figure 1. Climate context of Asturias: mean temperature, mean precipitation, and Képpen-Geiger
classification. Source: Modified from Atlas Nacional de Espafia (ANE) CC BY 4.0 ign.es and Olivares-
Navarro [24].

3. Results

3.1. Overview and Temporal Trends of Extreme Heat Events During Study Period
3.1.1. Interannual Evolution

According to the official records from AEMET, 11 DHs have occurred in Asturias
since 2001. However, this study identified 6 additional SHEs based on the criteria
outlined in the methodology, resulting in a total of 17 episodes during the study
period (Table 1). During all six episodes in Asturias, the maximum temperature
thresholds corresponding to the 95th percentile were not exceeded at either of the
two observatories considered by AEMET to determine official heatwaves, namely
Oviedo/Uviéu and Asturias Airport. Therefore, although all these episodes lasted long
enough, they cannot be classified as official heatwaves due to the thresholds not being
reached at these meteorological stations. However, following the criteria outlined in
the methodology, these episodes have been considered as they had adverse effects
reported by the local press.

Table 1. Episodes of extreme heat (DH/SHE) occurring in Asturias during the analyzed period,
indicating the dates, duration, and maximum temperatures, as well as the municipality where they
were recorded. Source: Own work.

Year Start Date End Date ]:’(lg:;lls(;n T.(j\éa;x Municipality Type
2003 3 August 2003 13 August 2003 11 35.6 Uviéu DH
2006 16 July 2006 18 July 2006 3 38.9 Ibias SHE
2006 4 September 2006 6 September 2006 3 33 Cangues O. DH
2011 25 June 2011 27 June 2011 3 36.5 Tinéu SHE
2012 8 August 2012 11 August 2012 4 38.1 Tinéu DH
2016 17 July 2016 19 July 2016 3 38.5 Mieres DH
2016 5 September 2016 7 September 2016 3 36.5 Ibias DH
2017 18 June 2017 21 June 2017 4 36 Ibias DH
2017 20 August 2017 22 August 2017 3 37 Cangas N. DH
2018 2 August 2018 6 August 2018 5 36.7 Ibias SHE
2020 5 August 2020 7 August 2020 3 37.5 Amieva SHE
2022 15 June 2022 17 June 2022 3 39.5 Cabrales DH
2022 9 July 2022 18 July 2022 10 41.4 Mieres DH
2022 10 August 2022 12 August 2022 3 35.4 Tinéu SHE
2023 8 August 2023 10 August 2023 3 38 Somiedo DH
2023 22 August 2023 24 August 2023 3 40.3 L.lena DH
2023 7 October 2023 12 October 2023 6 35 Mieres SHE
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Regarding frequency, the number of recorded episodes exhibits an increasing trend,
with a clear concentration of events in the final third of the study period (Figure 2). This
final third, beginning in 2016, accounts for 12 of the 17 identified episodes, while 3 episodes
occurred in the first third (2000-2007) and 2 in the second third (2008-2015). Within this final
third, some years experienced up to three episodes annually, as observed in 2022 and 2023.
In terms of differences in frequency between DHs and SHEs, the former have been more
common, with 11 DHs compared to 6 SHEs. Although DHs have generally been more
frequent, there are years, such as 2003, 2012, 2016, and 2017, where the number of each type
of episode is identical. Notably, SHEs occurred without accompanying DHs in 2011, 2018,
and 2020 (Figure 2).

Number of episodes/year
©
Number of days/year

0 0
2001 2002 2003 2004 2005 2006 2007:2008 2009 2010 2011 2012 2013 2014 2015:2016 2017 2018 2019 2020 2021 2022 2023

@® Number of DHs Number of SHEs ] DHs days SHEs days

Figure 2. Number of DHs, number of SHEs, and annual days under both types of extreme heat events
(DH + SHE) for period between 2001 and 2023. Source: Own work.

The duration of episodes shows a general increasing trend over the study period.
Collectively, the episodes spanned a total of 73 days; however, the distribution is
notably uneven. Of these, 49 days occurred in the final third of the period, starting in
2016 (Figure 2), while 17 days were recorded in the first third and 7 in the second. It is
worth noting that in the first third, 11 of the 17 days correspond to a single heatwave
(August 2003), whereas in the final third, the total number of days is distributed across
a greater number of episodes. Specifically, in 2022 and 2023, a combined total of
28 extreme heat days were recorded, resulting from three separate episodes in each
year (Figure 3). The average duration of episodes was 4.3 days, with the most common
length being 3 days (11 occurrences), followed by 4 days (2 occurrences). Once again,
the last two years of the series (2022 and 2023) stand out, concentrating the highest
number of days with three episodes per year and average durations of 5.3 and 4 days
per episode, respectively. As a notable exception, 2003 accumulated a high number of
days within a single event (11 days).

The intensity of the episodes also shows an increasing trend throughout the study
period. It was in the last third of the period when the barrier of 40 °C was surpassed
in two episodes and when the average of the maximum temperatures reached was
higher, with 35.42 °C compared to 34.29 °C on average during the episodes of the
second third and 33.45 °C on average during the first third. In general, the intensity is
greater in DH events than in SHEs, with average maximum temperatures of 35.27 °C
and 34.32 °C, respectively.
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Figure 3. Start and end dates of each episode (DH/SHE) recorded in Asturias during the period from
2001 to 2023. Source: Own work.

3.1.2. Intra-Annual Evolution

Concerning the months in which the events occur, of the seventeen identified episodes,
eight took place in August, three in June, and three in July, while two occurred in September
and one in October. The highest concentration of events has been observed in the first
half of August (Figure 3), and this pattern has remained relatively consistent over the past
20 years. However, a potential trend is the gradual shift in both DHs and SHEs toward
the beginning and end of the astronomical summer, with some episodes in recent years
extending beyond this period.

The first instance of such an occurrence was in 2017, when a DH began in late spring,
specifically on June 18 (Figure 3). This phenomenon was repeated in the summer of 2022,
with the first heatwave starting even earlier, on June 15. The following year, in 2023, marked
the first time an SHE occurred in October, during the astronomical autumn. Overall, the
annual window during which these episodes take place may have been progressively
expanding, with some events now occurring in both spring and autumn, a trend that
became more pronounced in 2022 and 2023.

3.2. Synoptic Conditions During Each Extreme Heat Episode

Three main atmospheric patterns have been identified as the drivers of the DHs and
SHEs that occurred in Asturias during the study period. Table 2 summarizes these three
primary atmospheric configurations associated with extreme heat conditions in the region.
The most frequent pattern, Type 1, is observed in 10 of the 17 analyzed episodes. This
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pattern involves the advection of a warm air mass of a continental tropical (Tc) origin from
Africa, encompassing the entire Iberian Peninsula at the 850 hPa level. At the surface,
conditions are stable under the influence of the Azores High, while at higher altitudes
(500 hPa), a ridge is positioned over the peninsula. The advection of the warm air mass is
driven by southerly winds at upper levels, facilitated either by a trough located over the
Atlantic or by the counterclockwise circulation of a cut-off low.

Table 2. Anillustration of the typical situations that cause warm episodes in Asturias. Source: Own work.

Type of Atmospheric .
Situation Configuration Number of Episodes DH SHE
Type 1 Advection of warm air mass (Tc) from Africa 10/17 8/10 2/10
Tyoe 2 Advection of warm air mass (Tm) from the 5/17 2/5 3/5
yp Atlantic Ocean
Type 3 Persistent stability 2/17 1/2 1/2
One of the clearest examples of this situation is the heatwave that occurred between
9 and 18 July 2022. While most episodes fit this Type 1 classification (Table 3), this pattern
is more commonly associated with DHs and occurs less frequently in the case of SHEs
(Table 2).
Table 3. A summary of the key values of each atmospheric configuration responsible for the
17 DH/SHEs that occurred in Asturias between 2001 and 2023. Source: Own work.
Date Geopot. Temp. Pressure Trough/ Position of the Tyvpe
500 hPa (m) 850 hPa (°C)  Sup. (hPa)  Cut-Off Low Trough yP
3-13 August 2003 5920 25 1015 YES Azores 1
16-18 July 2006 5800 20 1015 YES West UK 1
4-6 September 2006 5960 22 1015 YES Iceland-West Azores 2
25-27 June 2011 5920 20 1015 YES West UK 2
8-11 August 2012 5960 24 1015 YES East of Azores 1
17-19 July 2016 5840 25 1015 YES South of Iceland. East of Azores 1
5-7 September 2016 5880 26 1015 YES Azores-UK 1
18-21 June 2017 5920 22 1020 NO - 3
20-22 August 2017 5920 23 1015 YES West UK 2
2-6 August 2018 6000 22 1020 NO - 3
5-7 August 2020 5880 22 1015 YES West UK 2
15-17 June 2022 5840 20 1015 YES Lisbon—-Azores 1
9-18 July 2022 5920 29 1015 YES Lisbon-Azores 1
10-12 August 2022 5880 20 1015 YES Lisbon—-Azores 1
8-10 August 2023 5960 24 1015 YES Southeastern Azores 1
22-24 August 2023 5960 28 1015 YES Northeastern Azores 1
7-12 October 2023 5880 18 1025 YES North Azores 2

The Type 2 configuration accounts for five extreme heat episodes. This pattern involves
the advection of a warm air mass at the 850 hPa level from the Atlantic Ocean, classified
as tropical maritime (Tm). This air mass is transported toward the Iberian Peninsula by
southwesterly winds at upper levels, driven by the positioning of a trough and/or a cut-off
low over the Atlantic and a ridge over Spain at the 500 hPa level. The most illustrative
example occurred during the SHE from 20 to 22 August 2017, although it also appeared in
four other instances, most of which were SHEs (Table 2).

The Type 3 configuration is less frequent and involves extreme temperatures in As-
turias without the intrusion of warm air at upper atmospheric levels. In such cases,
persistent stability affects all atmospheric levels, resulting in stagnant air and localized
warming of the air mass in situ. An example of this pattern was observed during the SHE
from 2 to 6 August 2018, as well as during the DH from 18 to 21 June 2017. In summary,
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the most frequent atmospheric configuration during DHs in Asturias is Type 1, occurring
in 72.7% of cases, followed by Type 2 (18,18%) and Type 3 (9,09%). Meanwhile, SHEs
align with Type 2 configurations in 50% of cases, Type 1 in 33,3%, and Type 3 in 16,6%.
Additionally, the highest 850 hPa temperatures are associated with Type 1 configurations,
averaging 24.1 °C, followed by Type 3 at 22 °C, and Type 2 at 21 °C. Table 3 presents the key
atmospheric values associated with each DH and SHE that occurred in Asturias, including
geopotential height at 500 hPa, temperature at 850 hPa, and surface pressure. The table
also indicates the presence or absence of a trough or cut-off low, their positioning, and the
corresponding atmospheric configuration type (1, 2, or 3).

The following section presents the synoptic maps corresponding to each case. The
situation of the study area in these maps (the region of Asturias) can be observed in the
location figure (Figure 4). These maps illustrate the atmospheric configuration (geopotential
height, temperature, and surface pressure) across Europe during each of the extreme heat
episodes (DHs and SHEs) recorded in the study period. The arrows in the maps indicate,
in each case, the direction of the air masses (Figures 5-21).

Q5SEP2006 182
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Figure 4. The location of the Iberian Peninsula and the region of Asturias (study area) in Europe.
Source: Modified from Wetterzentrale.
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Figure 5. Atmospheric configuration during August 2003 DH (12 August). (A) Geopotential map at
500 hPa; (B) temperature map at 850 hPa. Source: Modified from Wetterzentrale.
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Figure 6. Atmospheric configuration during July 2006 SHE (18 July). (A) Geopotential map at 500 hPa;
(B) temperature map at 850 hPa. Source: Modified from Wetterzentrale.
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Figure 7. Atmospheric configuration during September 2006 DH (5 September). (A) Geopotential
map at 500 hPa; (B) temperature map at 850 hPa. Source: Modified from Wetterzentrale.
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Figure 8. Atmospheric configuration during June 2011 SHE (26 June). (A) Geopotential map at
500 hPa; (B) temperature map at 850 hPa. Source: Modified from Wetterzentrale.
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Figure 9. Atmospheric configuration during August 2012 DH (9 August). (A) Geopotential map at
500 hPa; (B) temperature map at 850 hPa. Source: Modified from Wetterzentrale.
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Figure 10. Atmospheric configuration during July 2016 DH (19 July). (A) Geopotential map at
500 hPa; (B) temperature map at 850 hPa. Source: Modified from Wetterzentrale.
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Figure 11. Atmospheric configuration during September 2016 DH (7 September). (A) Geopotential
map at 500 hPa; (B) temperature map at 850 hPa. Source: Modified from Wetterzentrale.
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Figure 12. Atmospheric configuration during June 2017 DH (18 June). (A) Geopotential map at
500 hPa; (B) temperature map at 850 hPa. Source: Modified from Wetterzentrale.
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Figure 13. Atmospheric configuration during August 2017 DH (22 August). (A) Geopotential map at
500 hPa; (B) temperature map at 850 hPa. Source: Modified from Wetterzentrale.



Land 2025, 14, 310

13 of 27

Data: GFS OPERATIONAL 0.250%
(C) Wetterzentrale
www.watterzentrale.de

Init:_Sat.04AUG2018 002 500 hPa Geopot. Lap

476 480424 420 493 498 500 £04 508 512 518 520 524 520 532 5.3 §40 548 557 555 560 56+ 568 572 578 590 554 528 532 898 410

Bodenuck hP o) Valid: Sat04AUG2018 00Z
3 . g

N C \§\ =/ ()

. B |
4 100

iz 1010

Date: GFS OPERATIONAL 1.000°

Wetterzentrale
www.wetterzentrale.de 33433 30-08-06-24-13-20-18- 161412105 -6 —6 3 0 3 4 & 8 10 13 14 18 18 20 32 26 26 18 30 32

Figure 14. Atmospheric configuration during August 2018 SHE (4 August). (A) Geopotential map at
500 hPa; (B) temperature map at 850 hPa. Source: Modified from Wetterzentrale.
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Figure 15. Atmospheric configuration during August 2020 SHE (7 August). (A) Geopotential map at
500 hPa; (B) temperature map at 850 hPa. Source: Modified from Wetterzentrale.
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Figure 16. Atmospheric configuration during June 2022 DH (16 June). (A) Geopotential map at
500 hPa; (B) temperature map at 850 hPa. Source: Modified from Wetterzentrale.
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Figure 17. Atmospheric configuration during July 2022 DH (17 July). (A) Geopotential map at
500 hPa; (B) temperature map at 850 hPa. Source: Modified from Wetterzentrale.

Jata: GFS OPER 0.250°

YWW.WETTERZENTRALE.DE 70 489,424 401 493 €30 500 504 508 312 518 320 824 $20 332636 560 548 557 556 580 164 548 §72 578 8 384 504 392 598 800

Data: GFS OPER 1.000° <SR (1| ][] e ——
T ETTER ZENTRALE OE e ———

Figure 18. Atmospheric configuration during August 2022 SHE (12 August). (A) Geopotential map
at 500 hPa; (B) temperature map at 850 hPa. Source: Modified from Wetterzentrale.
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Figure 19. Atmospheric configuration during August 2023 DH (9 August). (A) Geopotential map at
500 hPa; (B) temperature map at 850 hPa. Source: Modified from Wetterzentrale.
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Figure 20. Atmospheric configuration during August 2023 DH (23 August). (A) Geopotential map at
500 hPa; (B) temperature map at 850 hPa. Source: Modified from Wetterzentrale.
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Figure 21. Atmospheric configuration during October 2023 SHE (7 October). (A) Geopotential map at
500 hPa; (B) temperature map at 850 hPa. Source: Modified from Wetterzentrale.

3.3. Spatial Distribution of Heat Episode Impacts in Asturias

The incidence of heat episodes across the Asturian territory is not homogeneous.
Various recurring spatial patterns are observed, which tend to repeat, with the highest tem-
peratures of each episode concentrated in a small number of municipalities (18 out of 78).
Asturias is divided into four main sectors, with the coastal and high mountain areas gener-
ally not registering the highest temperatures during heat episodes. In contrast, extreme
temperature peaks occur in the urban areas of the central region and in the main river
valleys, far from the coast.

When selecting the municipalities that have recorded one of the five highest tempera-
tures, in at least four episodes, ten municipalities stand out, located away from the coast.
Six of these are in contact with the mountain ranges along the watershed, with greater
continuity in the southwestern part of the region, and generally intersected by river valleys
(Figure 22). In the southwestern region, those crossed by the Narcea River are particularly
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prominent (Tinéu municipality, for example, recorded 11 times), while in the central area,
municipalities crossed by the Nalén and Caudal rivers (the latter’s tributary) stand out, as
well as the valleys of the Huerna and Lena rivers. In the eastern part of Asturias, there is
less continuity in the affected municipalities, but they are still related to valleys such as
those of the Pilofia, Sella, and Cares rivers, with Amieva (nine occasions), Cabrales, and
Pilona being particularly notable.
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Figure 22. Municipalities where one of the five maximum temperature values is reached in at
least four extreme heat episodes (DHs/SHEs), and the location of meteorological stations. Source:
Own work.

Meanwhile, municipalities located at higher altitudes do not usually record signifi-
cant temperature peaks, with exceptions such as Ibias or Somiedo, where the highest
temperatures are registered in valley-bottom locations such as Pola de Somiedo or San
Antolin de Ibias, similar to Cabrales, which is also at a high altitude but where the
highest temperatures occur in the valley bottom of the Cares river. Regarding the urban
areas of the central region, Uviéu stands out, with records of maximum temperatures in
five episodes.

4. Discussion
4.1. Extreme Warm Episodes Experienced an Increase in Their Frequency, Duration, and Intensity
During the Last Third of the Study Period

4.1.1. Increase in Frequency

The results show an increasing trend in the frequency of extreme heat episodes in
Asturias (DH/SHE), with most of them occurring since 2016 (12 of 17), particularly in
the last two years of the series, 2022 and 2023. This increasing trend in recent decades
aligns with global observations [19], particularly in Europe [21,23], and across most of
Spain [25], especially in the Mediterranean region [26]. Trends observed in Spain since
1950 reflect an increase in the likelihood of extremes: on average, the frequency of DH
has risen by 0.3 per decade, and the probability of experiencing 4-5 events per year has
increased eightfold [11].
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Studies frame this increase in thermal extremes within the context of the ongoing
global climate change process, suggesting that this trend is likely to continue in the
future, as highlighted in the latest IPCC report [27]. According to this report, at a global
scale, the frequency of heatwaves that currently occur once every 10 years is expected
to increase by a factor of 5.6 if the global temperature rise is limited to 2 °C above the
pre-industrial average, or by a factor of 9.4 if temperatures rise by 4 °C in the medium to
long term (2040 to 2100).

Within the last third of the study period, starting in 2016, we observe years with up to
three episodes per year, as seen in 2022 and 2023. This pattern aligns with trends observed
globally (e.g., in China and North America), across Europe [28], and particularly in Spain,
where the frequency in 2022 and 2023 reached three and four events, respectively [14,25].
There is a clear trend toward increasing frequency, which could lead to episodes that would
typically occur once every 10,000 years happening every 4 to 75 years, depending on
emission scenarios [9].

4.1.2. Increase in Duration of Episodes

The duration of the episodes generally increased throughout the study period. How-
ever, 67.12% of extreme heat days occurred within the time frame starting in 2016. Even
within this last third of the period, the increase in duration continues to grow, with the
last two years accounting for 38.4% of the total days. This aligns with the average an-
nual increase of 0.9 days per decade recorded between 1950 and 2019, during which the
probability of heatwaves lasting more than nine days doubled [11].

4.1.3. Increase in Intensity

Once again, the last third of the period recorded the most significant maximum
temperatures and the most notable thermal anomalies, with an average of 35.42 °C during
this final third compared to 34.29 °C and 33.45 °C in the second and first thirds of the
period, respectively. The episodes of 2022 and 2023 exhibited the highest intensities to date,
with average maximum temperatures of 40.03 °C during the DH in July 2022 and 38.86 °C
during the DH from August 22 to 24, 2023, also reaching the absolute temperature record
in July 2022 (41.4 °C). According to the “Report on the State of the Climate in Spain in 2023”
prepared by AEMET [25], the ten warmest years in the historical series since 1961 have
been recorded in the 21st century. In Spain, the year 2023 exceeded the average temperature
of the reference period 1991-2020 by 1.2 °C, making it the second warmest year in the
historical series, only surpassed by 2022, which was 0.3 °C warmer [25].

However, more noteworthy than the increase in the mean temperature anomaly is
the observed and projected reduction in the recurrence period of extreme heat events in
Spain, as well as their intensity. Climate models indicate that extremes projected for the
end of the century are already occurring—they were recorded in 2022 and 2023, much
earlier than anticipated—and could recur during this century at least once every 16 years
under an intermediate emissions scenario or every 4 years under the worst-case scenario
in the current context of climate change [9]. Regarding trends in the thermal intensity of
such extremes in Spain, there has been an average increase of 0.1 °C per decade since 1950,
doubling the probability of events with anomalies exceeding 1.5 °C [11].

The average summer temperature in Spain in 2022 (24.6 °C) was exceptional, un-
precedented in at least 700 years according to paleoclimatic records [14]. The anomaly of
2.1 °C exceeded the mean of the summer maximum temperatures by 4 standard deviations,
marking the warmest summer in the Northern Hemisphere in at least two millennia [9].
That same summer was the most exceptional in Asturias in terms of the number of episodes
(three), intensity (with temperatures exceeding 40 °C at several stations and reaching
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41.4 °C in Mieres), duration (10 days), and its impact on the population, consistent with
patterns observed across Spain [14]. This episode triggered, for the first time, level two of
the “National Plan of Preventive Actions for High Temperatures”. Nevertheless, there was
an increase in heat-related mortality in Asturias of between 2% and 4.5%, with mortality
peaks, attributable to extreme heat according to mathematical models from the Carlos
IIT Health Institute, coinciding with the hottest days of the summer [29]. This indicates
that, despite the greater climate awareness observed across Spanish society [30] and the
integrated early warning systems developed in Europe (Meteoalarm), Asia and Africa
(RIMES), and Central America (SAT) [31], deaths and serious health consequences continue
to occur. In fact, approximately 60,000 deaths in Europe were linked to extreme heat during
the summer of 2022 [9].

4.1.4. The Heatwave in August 2003, an Exception to the Increasing Trend Observed
During the Study Period

Despite the increased frequency and intensity of warm episodes in Asturias since 2016,
the summer of 2003 continues to stand out as an exception, being the longest heatwave
recorded in Asturias to date (11 days). This coincides with observations throughout Spain
and Europe. Using an index that combines duration, intensity, and spatial extent, the 2003
heatwave ranks first among all analyzed since 1950 in Spain [11] and had catastrophic
effects across Europe, causing over 70,000 deaths [32].

4.2. The Period Covered by Extreme Warm Episodes Within the Year Is Becoming Increasingly Longer

The highest concentration of events occurred between July 15 and August, when
temperatures are at their highest in Spain. Thus, 39 of the 73 days with extreme heat
episodes took place during this period of the year. This is due to the latitudinal position,
which involves greater solar radiation at this time, as well as higher sea temperatures.
In fact, during this period, some absolute thermal records were reached in Asturias (not
coinciding with any detected extreme heat episode), such as 42 °C on 31 July 2013, at
the Amieva-Camporriondi station in the eastern part of the region, and 41.4 °C in Mieres
during the July 2022 DH.

In recent decades, a global increase in sea surface temperature has been observed
(ranging between 0.68 and 1.01 °C), with a trend indicating that this warming will continue
and intensify in the coming years across all seas and oceans worldwide [27], favoring the
occurrence heatwaves. In fact, the average surface temperature of the Mediterranean Sea
reached a record 28.1 °C in July 2023, with an average anomaly of 1.5 °C compared to the
early 1980s [26]. The rise in sea surface temperature can limit the effect of cooling breezes,
which require thermal differences between the sea and the land of 3 to 6 °C to function
effectively [33]. During the extreme heat episode of August 2018, the water temperature of
the Cantabrian Sea in Asturias exceeded 24 °C for the first time, marking a clear trend of
warming sea surface temperatures in Spain and the Cantabrian Sea (with 95% confidence)
over recent decades [25].

Another important factor contributing to the higher occurrence of thermal extremes in
August is the atmospheric circulation during this period. It is likely that the meridional
circulation of the jet stream could result in troughs or a cut-off low, responsible for warm air
advections over the Iberian Peninsula [34]. A clear example of such persistent atmospheric
conditions occurred during the summer of 2022 [14], leading to three extreme heat episodes
in Asturias.

However, although this greater concentration of events during July and August has
remained largely unchanged over the past 20 years, there is emerging evidence that both DHs
and SHEs have progressively shifted toward the early and late periods of the astronomical
summer. In 2017, they occurred outside of this season for the first time, a pattern that, while not
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statistically significant due to the small sample size, has since repeated twice (2022 and 2023),
suggesting a potential trend worth further investigation. This aligns with trends observed in
Spain since 1950, where the occurrence period of heatwaves has advanced by 3.8 days per
decade while their conclusion has been delayed by 0.5 days per decade [11]. In October 2023,
a very late SHE occurred in autumn, which could potentially be attributed to a combination
of two factors: a persistently stable atmospheric situation typical of summer [14] and higher-
than-usual sea surface temperatures in the Cantabrian Sea, which remained above 20 °C until
November, with positive anomalies ranging from +1 to +1.5 °C [25]. While this specific event
may be anomalous within the current dataset, it is consistent with the exceptionally warm
start to autumn 2023 on a global scale, occurring within a climate change context where events
like this are expected to become more frequent, and could not be explained by natural climate
variability alone [35].

In summary, while the sample size limits definitive conclusions, there is some evidence
suggesting that the temporal range of these extreme heat episodes may have progressively
expanded in Asturias, with some events occurring during spring and autumn in the second
half of the study period (years 2017, 2022, and 2023). This phenomenon is related to the
lengthening of summer observed in Asturias, specifically at the Uviéu station, due to both
an extension into autumn and, particularly, an earlier onset in spring [36]. This observation,
although preliminary, aligns with the global trend of warm extremes occurring more frequently
outside of summer [27], supported by recent studies, such as the April 2023 heat episode in
Southern Europe [37], which occurred before summer, like the October 2023 SHE in Asturias,
which took place during autumn and may represent part of this broader pattern.

4.3. Three Key Atmospheric Patterns Have Been Identified
4.3.1. Continental Tropical Warm Advections Originating from Africa Are Responsible for
Most of the Warm Episodes That Occurred in Asturias

Three atmospheric patterns have been identified as responsible for extreme heat
episodes in Asturias. Type 3 conditions occur in all cases, characterized by atmospheric
stability at all levels, with minimal pressure gradients at the surface. This persistent stability
facilitates in situ non-adiabatic heating of the air mass itself through sensible heat transfer
in contact with the surface [38]. However, in 15 of the 17 warm episodes, the persistent
stability (Type 3) is accompanied by warm air advection at mid- and upper atmospheric
levels over the Iberian Peninsula, resulting in a Type 1 or 2 configuration depending on
the origin of the air mass, which in turn depends on the prevailing upper-level wind
components over Spain.

Type 1 is the most frequent situation (10 out of 17 episodes) and accounts for 72.7%
of DH events. It involves the advection of a warm air mass of a continental tropical (Tc)
origin at 850 hPa from Africa, with isotherms exceeding 20 °C covering the Cantabrian
region. This warm air mass is typically driven by southerly winds at high altitudes due to
the presence of a trough or a cut-off low in the Atlantic at 500 hPa. The clearest example
of this occurred between 9 and 18 July 2022. The other, less frequent situation (5 out of
17 episodes), classified as Type 2, arises from the advection of a warm maritime tropical
(Tm) air mass from the Atlantic, driven by southwesterly winds at high altitudes due to
the relative position of a ridge over the Iberian Peninsula at 500 hPa and a trough in the
Atlantic between the British Isles and the Azores. This situation was clearly observed
between 20 and 22 August 2017.

4.3.2. Commonalities and Differences Between the Three Identified Pattern Types

With the aim of better observing the similarities and differences among the main
atmospheric patterns identified, Figure 23 presents a comparison of three representative
examples of each type of situation responsible for extreme heat episodes in Asturias.
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Figure 23. Comparison among the three main atmospheric conditions that lead to extreme heat
episodes in Asturias. Source: Modified from Wetterzentrale.

There is a common characteristic shared by the three types of atmospheric situations.
The primary similarity is the clear predominance of atmospheric stability over the Iberian
Peninsula at all levels of the atmosphere. This stability is evident at the surface, with the
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presence of the Azores High, and at mid- and upper levels of the atmosphere, where a
ridge is located. In all three cases, this stability results in a weak barometric gradient at the
surface, which inhibits air movement and leads to its warming,.

However, significant differences exist between Type 1 and Type 2 situations on one
hand, and Type 3 situations on the other. In Type 3 situations, extreme heat arises solely
from atmospheric stability, which causes air masses to warm due to a lack of ventilation. In
contrast, both Type 1 and Type 2 situations involve an additional mechanism: the advection of
a warm air mass of a tropical origin. Therefore, Type 1 and Type 2 situations share atmospheric
stability and warm advection caused by the presence of a trough or a cut-off low over the
Atlantic. The relative position of these features to the ridge drives the advection of warm air
masses over the Iberian Peninsula, a process absent in Type 3 situations.

The key difference between Type 1 and Type 2 situations lies in the relative position of
the Atlantic trough with respect to the ridge over the peninsula. This positioning determines
the predominant wind component at mid- and upper atmospheric levels and, consequently,
the continental or maritime nature of the warm air mass advection. Specifically, during
Type 1 situations, southerly winds prevail at mid- and upper levels, driving a tropical
continental air mass from the African continent with minimal maritime influence over
the Iberian Peninsula. Conversely, in Type 2 situations, southwesterly winds dominate at
higher levels, generating warm advection over the peninsula. However, in this case, the
advected air mass is tropical maritime in nature, traversing the Atlantic and resulting in
less extreme temperatures compared to the continental advections of Type 1.

4.3.3. Variations in Atmospheric Circulation and Their Potential Influence on the
Occurrence of Warm Extremes

Type 1 and Type 2 situations are generated by the meridional circulation of the jet
stream. This meridional circulation can lead to episodes of summer rains and storms or
warm advections over the Iberian Peninsula, depending on the relative position of ridges and
troughs [34]. In both types of situations, at the 500 hPa level, a ridge is present over Spain,
while a trough or cut-off is located over the Atlantic, causing the advection of a warm air
mass over the peninsula. The difference between the two lies in the position and tilt of the
trough, which influences the predominant wind component and, consequently, the nature of
the warm air advection over the peninsula, which can be continental (Type 1) or maritime
(Type 2). The nature of the air mass affects the average temperatures reached at altitude with
each configuration, being higher in the case of continental air masses (24.1 °C) compared to
maritime ones (21 °C). Therefore, the occurrence of thermal extremes is directly linked to
atmospheric circulation and is always associated with positive anomalies in surface pressure,
geopotential height at 500 hPa, and temperature at 850 hPa, as demonstrated by other studies
on the causes of heatwaves in Europe [39] and specifically over the Iberian Peninsula [40]. In
the current context of global change, it is crucial to understand potential changes in atmospheric
circulation and their possible impacts on heatwaves over the Iberian Peninsula.

Several recent studies suggest that variations in atmospheric circulation are already
occurring, leading to a temperature increase in the Mediterranean region (1.5 °C) that
significantly exceeds the global average (1.1 °C). This is attributed to a weakening of the
jet stream, which generates greater undulations and increases the likelihood of reaching
extreme temperatures by promoting the occurrence of the previously mentioned atmo-
spheric conditions [26]. Similarly, other studies suggest that in the Northern Hemisphere,
the amplified warming of Arctic regions leads to a reduced north-south thermal gradi-
ent, resulting in a weakening of the jet stream. This reduction in velocity increases the
probability of meridional circulation with pronounced undulations [41].
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4.3.4. The Exceptional Nature of the Summer of 2022

Among Type 1 situations, the one between 9 and 18 July 2022 stands out due to
the exceptional temperatures reached at 850 hPa with the 30 °C isotherm brushing the
Cantabrian coast. This occurred due to the persistence of the episode (which enhances
the warming of the air mass), the position of a cut-off low that drove southerly winds at
mid-to-high levels of the atmosphere, and the very warm nature of the tropical continental
air mass, coinciding with the period of the highest solar radiation. In Type 1 configurations,
it is precisely the differences in temperature of this air mass originating from Africa that
determine the varying intensities of episodes; for instance, the maximum temperature
values reached during the June 2022 episodes were lower than those in July 2022, despite
very similar atmospheric configurations. In contrast, when compared to Type 2 situations,
the differences in temperature observed between episodes are due to the different nature
of the air mass, with all cases exhibiting higher temperatures at 850 hPa in Type 1 than in
Type 2, as these are continental air masses (Ic).

4.4. The Highest Incidence of Warm Extremes Is Observed in Urban Areas and River Valleys

The intensity of warm episodes is not solely dependent on the atmospheric configu-
rations that trigger them; rather, how air masses interact with the terrain and land use is
crucial. This interaction significantly moderates the effects of heatwaves on different areas
of the Asturias territory.

First, the contrast between the limited impact of warm episodes on the coast compared
to the rest of the Asturian territory stands out. On the coast, there are barely any records of
extreme heat due to the influence of marine breezes [33,42] and advection fogs [43], which
help cool the environment. Additionally, the stability of the atmosphere typical during a
heatwave supports the presence of coastal breezes, as the warming of air in contact with
the surface in nearby land areas to the sea generates relative low pressure, prompting air
movement from the Cantabrian Sea towards the coast, similar to the Mediterranean [33],
thereby intensifying the thermal contrasts with the interior where the breeze does not
penetrate. However, studies of this type on the Cantabrian coast, and specifically in
Asturias, are lacking to understand its behavior and relationship with heatwaves. Instead,
despite no heatwaves being recorded on the Asturian coast, a recent study on the evolution
of thermal comfort in coastal areas of Spain [44] reveals that the greatest decrease in thermal
comfort in Spain during recent summers has occurred on the eastern coast of Asturias.

On the other hand, there is also a clear contrast between urban and rural areas. The
extreme values in the central metropolitan area of Asturias (Avilés, Mieres, Llangréu,
Uviéu, Xix6n) are especially explained by the urban heat island effect, which causes higher
temperatures in cities compared to nearby rural environments. This effect is amplified
during heatwaves and is closely related to these phenomena [45]. This effect is due to
the different capacity of artificial surfaces to absorb and emit solar radiation compared to
green areas, increasing the population’s vulnerability in cities [46]. For example, in the case
of Barcelona, the urban heat island effect contributes between 2 °C and 7 °C more than
in surrounding areas, and it has also increased with climate change [47]. This effect can
explain, for example, why Avilés or Xix6n are the only coastal observatories that record
extreme temperatures. Numerous studies emphasize the importance of this phenomenon
globally [48,49], particularly in Spanish cities [50-56]. The latter study analyzes the effect
on the city of Zaragoza, concluding that it is more frequent under atmospheric stability
conditions, as is the case during heatwave episodes, and at night hours, which is also related
to the increase in tropical nights in Spain, particularly in the Mediterranean basin [57], but
also on the Atlantic coast and in Galicia [58]. Studies on the Cantabrian region and Asturias
are scarce, which would be interesting given that warm nights can be responsible for high
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mortality during heatwaves [59]. The increase in tropical nights in Spain, defined as those
where the temperature does not drop below 20 °C, is clearly linked to the growing trend of
heatwave phenomena [60].

Outside of metropolitan areas, it is observed that the most affected spaces by heat are
those situated in river valleys, such as the Narcea in the west and the Cares in the east.
Under conditions of atmospheric stability, valley bottoms experience warming in two ways:
either due to the lack of ventilation, so that the air mass heats up non-adiabatically by heat
transmission from the valley floor, or the warming is increased by the compression of air
descending into the valley bottom, known as adiabatic warming [38]. These situations are
amplified when a southerly wind blows, common during heatwave episodes of Types 1 and 2,
as the wind ascends the southern slopes of the Asturian mountain range, cools, and loses
most of its humidity before descending the lee slopes as warm, dry air, raising temperatures in
valleys through the “Foehn effect,” which has been widely studied internationally [61,62] and
linked to heatwaves in the case of South Korea [63], Japan [64], or Antarctica [65]. This “Foehn
effect” in Asturias is especially pronounced in valleys oriented north-south, which better
channel these flows, as opposed to those oriented east-west, where this effect is less intense.
The meridional orientation of valleys is more apparent in the southwestern and central parts
of the region, where the most extreme temperatures are recorded, such as Tinéu in the Narcea
Valley. In contrast, in the eastern part of the region, the predominant valley orientation is
east-west, and fewer extreme temperatures are recorded, possibly due to the lack of weather
stations, for example, in Alto Nalén. Finally, the lack of weather stations is compounded by
an informational bias, where the media often pay more attention to more populated (urban)
areas [66], making it difficult to draw conclusions in such a complex region like Asturias.

5. Conclusions

This study examined the frequency, duration, and intensity of extreme heat episodes
in Asturias, an Atlantic region in the NW of Spain, between 2001 and 2023. The research
analyzed the evolution of the phenomenon, the atmospheric conditions that cause it, and
territorial contrasts. A novel methodology was employed, enabling the detection of a
greater number of warm episodes (SHEs) based on local press sources, in addition to the
officially declared heatwaves (DHs).

The observations indicate a consistent increase throughout the study period, particularly
during the last 8 years. The frequency, duration, and intensity of episodes significantly rose
during this latter third starting in 2016, with the sole previous exception of the summer of
2003. A particularly notable recent increase is reflected in the exceptional nature of the last
two years of the studied period (2022 and 2023). It has also been observed that the temporal
duration of warm extremes throughout the year is becoming increasingly extended. Although
most episodes occurred between mid-July and mid-August, during the last third of the study
period, three episodes were recorded outside the astronomical summer: two in spring and one
in autumn (October 2023). While these observations are based on a limited dataset and should
be interpreted with caution, they suggest a potential expansion of the temporal window
for warm extremes. Both developments are not an isolated occurrence; rather, they fit with
patterns observed across Southern Europe and global observations.

Regarding atmospheric patterns, three key configurations have been identified as
responsible for warm episodes in the northwest of Spain. Type 1 is the most frequent
(10 out of 17) and is associated with the advection of a continental tropical air mass from
Africa (Tc), driven by southerly winds. Type 2, which occurs on five occasions, corresponds
to the advection of a maritime tropical air mass (Tm) due to southwesterly winds. Type 1
situations are associated with warmer temperatures at 850 hPa than Type 2 (24.1 °C vs.
21 °C), due to the different nature of the air masses, with continental masses reaching
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higher temperatures. Finally, Type 3 is associated with persistent atmospheric stability,
with an absence of winds that favors the warming of air in contact with the surface, and
it occurred only twice. As the global energy balance destabilizes in the context of climate
change, variations in large-scale atmospheric circulation may lead to changes in the usual
patterns in the study region, increasing the frequency of conditions conducive to warm
advections and, consequently, the occurrence of extreme heat episodes.

On the other hand, there are notable differences across the Asturian territory regarding
the incidence of heat episodes, with the interaction between atmospheric configuration and
topography and land use playing a key role. Coastal areas have so far remained largely
unaffected by most heat episodes due to the mitigating effects of sea breezes and advection
fog. However, the recent warming of the sea surface may reduce this effect, although
specific studies on this phenomenon in the Cantabrian area are lacking. Urban areas in
Asturias have recorded the highest temperatures during heat episodes due to the urban
heat island effect, which has been extensively documented in Spanish and global cities. In
addition to urban areas, river valleys have also shown significant temperature increases.
This is attributed to greater air warming in valley bottoms through two mechanisms:
sensible heat transfer from the ground in conditions of stagnant air, and adiabatic warming
due to the compression of air descending along the slopes. This warming is further
intensified by the Foehn effect during Type 1 and Type 2 atmospheric configurations
with southerly winds. These winds ascend the southern slopes of the Asturian Massif,
losing moisture and temperature, and descend as warm, dry air. This effect is particularly
pronounced in north—south-oriented valleys, such as the Narcea Valley, which experiences
the highest temperatures during heat episodes.

This study aims to shed light on recent changes in an oceanic climate area in Southern
Europe, where heat extremes have traditionally been absent: observed patterns are becom-
ing worrisome in this Atlantic sector, given the recent increase in the frequency, duration,
and intensity of heat extremes, consistent with regional and global trends in the current
context of climate change. Therefore, this study should serve as a starting point for the
development of further research on this issue in Atlantic areas, with the aim of contributing,
as much as possible, to mitigation and adaptation efforts.
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